Various eluents have been investigated for the ion chromatographic determination of inorganic sulfur species with a conductivity detector. In single-column ion chromatography, an eluent1 comprising gluconate, borate, acetonitrile, l-butanol and glycerol has been used for the determination of sulfide, sulfite, thiosulfate and thiocyanate in mixtures, and a phthalate eluent2 for sulfite/ sulfate and thiosulfate. Eluents having a strong eluting-power and giving a low background conductivity are desirable for the sensitive determination of sulfate, thiosulfate and thiocyanate which are retained strongly onto anion-exchange resins. The divalent carbonate anion is a powerful eluent and can be converted to dissolved carbon dioxide (carbonic acid) of low conductivity by a suppressor3'4 with a regenerant of dilute sulfuric acid. Moses et al.5, Weiss and Gobl6, and Weidenauer et al.' have used carbonate solutions as eluents for the separation of sulfate, thiocyanate and thiosulfate in their mixtures. Here p-cyanophenol and acetonitrile were added to the carbonate eluents to decrease the adsorption of thiocyanate and thiosulfate onto resins. These eluents gave low sensitivity for the determination of the sulfur species5 and long elution time of more than 23 min6', and have not been applied to the determination of thiosulfate and/ or thiocyanate in real samples.6'' Sunden et al. 8 have reported the separation of sulfite, sulfate and thiosulfate in their mixtures using carbonate eluents. However, the peak obtained for thiosulfate showed an asymmetry with a large tailing. Motomizu et al. 9 have used various benzenecarboxylate eluents for the separation of chloride, sulfate and nitrate ions in river waters on TSK gel IC-Anion-PW column, followed by indirect UV detection. We have previously reported phthalate solution as an eluent to separate sulfate, thiosulfate, thiocyanate and dithionate using a separating column 5 cm long.10 In this case, the background is a high value of 76.2 µS cm 1. For the determination of the sulfur species at levels lower than 10-6 M, a highly efficient eluent with low background conductivity is desirable.
In this work, use of carbonate eluents containing small amounts of 1,3,5-benzenetricarboxylate (BTC) has been attempted for rapid and sensitive determination of sulfate, thiosulfate and thiocyanate in their mixtures, using a suppressed ion chromatography with a conductivity detector.
Experimental

Apparatus and chemicals
The ion chromatographic system (Dionex Model 4000i) used consists of the following components: an injection-valve equipped with a sample loop of 0.05-cm3, anion-exchange columns of Dionex HPIC-AG4A (5 cmX4 mm i.d.) and HPIC-AS4A (25 cmX4 mm id.) in series, a suppressor (Dionex AMMS) and a conductivity detector. This suppressor bears a strongly acidic cation-exchange membrane in the H+ form. The chromatograms were recorded with a Shimadzu Model R-111 recorder. The water used was distilled twice and then deionized with a Nippon Millipore, Ltd., Model Milli-QII instrument.
All of the chemicals used were of analytical-reagent grade and were used without further purification. A carbonate solution (0.1 M; M=mol dm 3) was prepared by dissolving 5.33 g of sodium carbonate in water and diluting to 500 cm3. A BTC solution (1X103 -M) was prepared by dissolving 0.210 g of l,3,5-benzenetricarboxylic acid in 100 cm3 of 3X102 M sodium hydroxide and diluting to 1 dm3 with water. The 3X103 M sodium carbonate-1X106 -M BTC eluent used in Procedure was prepared by adding 1 cm3 of the 1X10-3 M BTC to 30 cm3 of the 0.1 M carbonate and diluting to 1 dm3. This eluent was filtered through a membrane filter (pore size, 0.2 µm) after preparation. The standard solutions of sulfate, thiosulfate and thiocyanate were prepared according to a previous paper.1° ANALYTICAL SCIENCES OCTOBER 1993, VOL. 9
Procedure A 0.05-cm3 aliquot of sample solution was injected into the separation columns of HPIC-AG4A and HPIC-AS4A in series. The sample solution contained sulfate, thiosulfate and thiocyanate up to 8.0X10-6, 2.5X10-5 and 1.0X 10-4 M, respectively, in the p H range 2.5 -9.5. A 3X103 M carbonate-1X106 -M BTC eluent was used for the separations of the sulfur species at a flow rate of 1.5 cm3 min 1 at 23° C. The flow rate of a regenerant of 0.025 M sulfuric acid for the suppressor (AMMS) was kept at 2.0 cm3 mind.
Results and Discussion
Effect of addition of BTC to carbonate eluent (pH 10.5) Carbonate solutions (2X10-3 to 8X10-3 M) were first tested as eluents for the separation of sulfate, thiosulfate and thiocyanate on the AG4A and AS4A columns in series. The retention times of sulfate, thiosulfate and thiocyanate became shortened with an increase in the concentration of carbonate eluent, but the peak for thiocyanate was not sufficiently sharp. Therefore, an attempt was made to use the mixed eluents of carbonate and trivalent BTC anions for the separation of sulfate, thiosulfate and thiocyanate. Each peak obtained for sulfate, thiosulfate and thiocyanate with 3X10-3 M carbonate-1X106 -M BTC turned out much sharper ( Fig. 1 ) and the background remained constant at a low value of 17.5 µS cm'.
A 3X103 M carbonate-1X106 -M BTC eluent gave the number of theoretical plates (N) of 1320 and a height equivalent to a theoretical plate (HETP) of 0.23 mm, and a single eluent of 3X103 M carbonate N=685 and HETP=0.44 mm. Consequently, an eluent of 3X103 M carbonate-1X106 M BTC mixture was used in Procedure. The calibration graphs obtained for the sulfur species (peak heights vs. concentrations) are linear up to 8.0X106 M for sulfate with a correlation coefficient (r) of 0.9999, 2.5X10-5 M for thiosulfate (r=0.9999) and 1.0X10-4 M for thiocyanate (r-0.9990).
The detection limits defined as S/ N3 were 4.3X108 M of sulfate, 1.3X107 M of thiosulfate and 5.6X10-' M of thiocyanate, respectively. The proposed method gave a higher sensitivity as compared with previous methods.5-8,10
Determination of sulfate and thiosulfate in hot-spring water samples The retention times of various inorganic anions were measured using a 3X103 M carbonate-1X106 -M BTC eluent. Anions of F-, Cl-, N02-, Br and N03-were eluted earlier than 5042
The retention time of sulfite was close to that of sulfate; the sulfide did not give any chromatographic peaks even for 1X103 -M sulfide solution. Each 0.05-cm3 sample solution of hot-spring water was analyzed by the procedure after filtering through a membrane filter of 0.2 µm pore size. The accuracy of the proposed method was checked by adding known amounts of sulfate and thiosulfate to the hotspring water ( Table 1 ). The content of thiosulfate in the hot-spring water (A) was in good agreement with that determined by a spectrophotometric method using permangante.11 Use of 3X103 M carbonate-1X106 -M BTC eluent made it possible to determine thiosulfate in hot-spring water (B) whose content was lower than the detection limits of previous methods.5 8"° The precision based on 6 replicate analyses of the hot-spring water (A) gave a mean value of 5.43X103 M with the standard deviation (SD) of 1.43X104 M (RSD=2.63%) for sulfate and a mean value of 3.23X10-6 M with SD= 6.10X10.8 M (RSD=1.89%) for thiosulfate. The proposed method could be applied successfully to the determination of sulfate and thiosulfate in hot-spring water samples.
